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ABSTRACT
Two model chlorinated aliphatic hydrocarbons namely 1,2-dichloroethane (DCA) and 
1,1,2 -trichlorethane (TCA), were investigated for their removal from synthetic 
groundwater using electrochemical method. Degradation of the two compounds was 
monitored by measuring changes in the total organic carbon (TOC) concentration during 
the reaction. Preliminary experiments, using stainless steel and graphite planar electrodes, 
demonstrated that graphite was unsuitable in terms of both its stability and efficacy in 
TOC removal. The stainless steel plate electrodes were more effective in degrading the 
compounds under different experimental conditions, such as varying initial TOC 
concentrations, chloride concentrations, conductivity of electrolyte and applied current 
density. The half-life method demonstrated that degradation followed a zero-order 
kinetics (i.e. removal process was independent of initial TOC concentration in the range 
of 25 mg L ' 1 to 100 mg L '1). The chlorides and applied current density had a major effect 
on the TOC removal rates. Under lower current density the instantaneous current 
efficiency of the TOC removal process was greater than that under higher current density. 
The electrolytic conductivity had no direct effect on the TOC removal rates, but it 
reduced the energy consumption by reducing the cell voltage. The reaction temperature 
affected the TOC removal significantly and was adequately modeled by the Arrhenious 
equation. A carbon mass balance showed an approximately 7 and 1 % deficit at the end of 
the experiment for DCA and TCA respectively. The deficit observed in total carbon mass 
in the system could be due to the errors involved in the gas sampling for CO2 analyses. 
The closing of mass balance indicated that during electrolysis, DCA and TCA were 
oxidized completely to carbon dioxide and water. The results demonstrate that 
electrochemical degradation using stainless steel electrodes could be used to remove 
chlorinated aliphatic hydrocarbons from an aqueous solution.
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CHAPTER 1 
INTRODUCTION
Water quality is a ‘critical parameter’ in human lives (Fetter, 2001) and its 
degradation due to anthropogenic activities worldwide has caused increased concern as 
well as initiated remedial action. Groundwater is used in larger quantities than surface 
waters, as it is cheaper and reliable (Luk and Au-Yeung, 2002). In the United States 
(US), three quarters o f the people use groundwater for agricultural purpose and half of 
the urban population and most rural dwellers use groundwater as domestic water source 
(Bouchard et al., 1992). In comparison, around twenty six percent of the Canadian 
population is dependant upon groundwater for their domestic water needs (Natural 
Resources Canada, 2004).
1.1. Groundwater contamination and chlorinated aliphatic hydrocarbons
The deterioration of groundwater quality due to various inorganic, organic and 
microbial contaminants is widely recorded in literature (Siegrist et ah, 2001, Fetter, 2001, 
Westrick et ah, 1984, Schaumburg, 1990, Mackay and Cherry, 1989, Atlas, 1998). 
Typically, organic contaminants are of primary concern in groundwater and soil 
contamination (Siegrist et ah, 2001). Amongst the organic contaminants, chlorinated 
aliphatic hydrocarbons (CAHs) have attracted great attention owing to their severe 
environmental and human health impacts (Martino et ah, 1999, Chen et ah, 1999). 
Chlorinated aliphatic hydrocarbons (CAHs) such as dichloromethane (DCM), 1,2- 
dichloroethane (DCA), trichloroethylene (TCE), 1,1,1-trichloroethane (TCA) and 
tetrachloroethylene (TTCE) are frequently found as contaminants in surface and ground 
waters in North America, Europe and other parts of the world (Siegrist et ah, 2001, 
Frietas and Livingston, 1995, CEPA 1994, Lesage et ah, 1990, Westrick, 1984). Their 
widespread presence in the environment is due to their large scale use as solvents in 
metal degreasing, paint stripping and dry cleaning industries as well as in various 
household products (NRC 1994; Pankow and Cherry 1996). Chlorinated aliphatic
1
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hydrocarbons persist as contaminants in groundwater because of their poor degradability 
under natural conditions (Yim et al., 2001).
The human health impacts caused by these compounds are circulatory and 
respiratory failure, neurological disorders as well as damage to skin, heart, liver, kidney, 
mammalian glands and mucous membrane (IARC, 1999, WHO, 1987). Some CAHs are 
carcinogenic to humans (Bajpai and Zappi, 1997). Incorrect disposal of these compounds 
has resulted in the contamination of groundwater. These compounds may enter surface 
waters via effluents from industries that manufacture or use these compounds. Other 
sources include effluents from the treatment plants of contaminated groundwater, air 
emissions and leachates from waste disposal sites, and long-range atmospheric transport 
from other countries (ATSDR, 1999).
1.2. Present methods of removal of chlorinated aliphatic hydrocarbons
Both destructive and non-destructive techniques have been widely used to 
decompose organic chlorinated compounds in water and soil media. In non-destructive 
(non combustible) Techniques, including air stripping, adsorption and extraction, the 
chemical nature of the contaminant is not changed, instead, it is transferred from the 
original matrix to air, a sorbent or a solvent (Wang et ah; 2002, Sonoyama and Sakata, 
1999). These methods involve a phase transfer hence additional treatment is required. In 
air stripping, the contaminated air has to be cleaned; while in adsorption, the spent carbon 
has to be regenerated (Schollhorn et al., 1997). Economical use of activated carbon is 
limited by its adsorption capacity in aqueous matrices (Sonoyama and Sakata, 1999).
Destructive (combustible) techniques for the removal of CAHs from aqueous 
phases reported in literature are thermal incineration, aerobic and anaerobic biological 
degradation, and advanced oxidation processes (AOPs). In the thermal incineration 
method, contaminated liquid is incinerated at an elevated temperature of 1000°C and 
consumes large amounts of energy (Wang et al., 2002) besides being a potential source of 
emission of toxic byproducts like phosgene or dioxins (Martino et al., 1999). Other 
disadvantages include high capital cost, lack of mobility of the equipment, and treatment 
of combustion byproducts at insufficiently high temperatures can cause the formation of 
highly toxic byproducts such as phosgene, dioxins of furans (Martino et al., 1999).
2
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Aerobic and anaerobic biological methods have been reported to degrade CAHs 
(Jansen et al., 1984, Keuining et al., 1985, Friday and Portier, 1991,Fetzner and Lingens, 
1994, Leisinger, 1996). However these methods are also described as “suffering” from 
longer degradation time, toxicity and inhibition effects (Keunning et al., 1985, Friday and 
Pretier, 1991, Stucki et al., 1975, Alvarez-Cohen and McCarty, 1991a). Other studies 
conducted demonstrated that biological methods are not suitable for flowing water that 
contains low level of CAHs. Moreover, aerobic biological methods face air-stripping 
problems as well (Frietas Dos Santos and Livingston, 1995).
Advanced oxidation processes (AOPs) that have been used to remove chlorinated 
organic compounds include ultraviolet (UV), ozone, UV/ozone, Fenton’s reagent, 
UV/H2O2 and ultrasound. Studies on photochemical oxidation methods concluded that 
UV alone could not degrade CAHs, while a combination of UV with ozone, hydrogen 
peroxide, Fenton’s reagent or oxalato complexes could degrade these pollutants 
effectively (Gurtler et al., 1994, Kruger et al., 1999, Prager et al., 2001). These methods 
are, however, limited by the presence of dissolved oxygen. Since groundwater usually 
contains very low dissolved oxygen (<0.2 mg L '1), photocatalytic methods suffer from 
poor oxidation efficiency in groundwater treatment. Other limitations including the use of 
expensive chemicals, potential o f producing secondary pollutants and requirement of 
extreme conditions like acidic pH and high temperature, makes these processes 
uneconomical.
1.3. Electrochemical removal of organic pollutants
In the past few decades, electrochemical treatment techniques have demonstrated 
potential in the treatment of industrial wastewater containing non-biodegradable 
contaminants (Scot, 1995). The attraction of electrochemistry lies in its ability to supply a 
reducing or oxidizing agent in a non-obtrusive form by electron transfer at an appropriate 
electrode (Krishnan and Ibanez, 1997). This method is environmental friendly because 
the main reagent, the electron, is a “clean reagent” (Juttner et al., 2000). One of the most 
powerful oxidizing species, the hydroxyl radical, which is a relatively non-selective 
oxidizing agent can be generated by electrochemical means to oxidize environmental 
contaminants. Electrolysis is an environmentally clean process, as it does not involve the
J)
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addition of any reduction/oxidation (redox) chemicals, unlike its counterparts. For 
economic reasons, industries favor a waste treatment that excludes the addition of 
chemicals (Rodgers, 2000). Electrochemical methods have been developed and used for 
the removal o f pollutants from all kinds of media such as water, air and soil (Scot, 1995).
Electrochemical degradation reactions utilize electrical energy to bring about a 
chemical reaction that takes place at an electrode surface (Rodgers, 2002). The charge is 
transferred at the interface between an electrode and the reactive species in a conductive 
liquid. An electrochemical reactor consists of an anode, a cathode, a conducting 
electrolyte, and a power supply. At the cathode, electrons are transferred from the 
electrode to the reacting species, resulting in a reduction of the oxidation state o f the 
species. At the anode, electrons pass from the reactive species to the electrode, resulting 
in an increase in the oxidation state. The changes in the oxidation state alter the chemical 
properties and form of the reactants. The reduced or oxidized species can form a deposit 
on the electrode or desorbs from the electrode surface and dissolve in the liquid phase or 
evolve as a gas. These electrochemical reduction-oxidation (REDOX) reactions have 
been manipulated for the purpose of removal and or recovery o f both inorganic (metals, 
nitrates, ammonia, cyanides etc.) and organic pollutants from the industrial effluents 
(Scot, 1995, Krishnan and Ebanez, 1997).
Electrochemical treatment can achieve either partial or complete decomposition 
of the pollutants. Complete decomposition of a pollutant involves its oxidation to carbon 
dioxide as a consequence of which energy is consumed. To reduce the energy 
consumption and to increase mass transfer in the electrochemical reactor various 
modifications in electrode configurations have been suggested and developed over the 
past 10 years. For example, fluidized bed electrodes and 3-dimensional graphite 
electrodes have been commercialized to remove cyanide and heavy metal in 
electroplating industries (Szpyrkowicz et al., 1998, 2000, Xiong et al., 2002, Scot, 1995). 
Different types of highly recalcitrant organics such as EDTA, PCBs, RDX, 
chlorophenols, halobenzenes, pesticides (HCB, 2,4-D and Lindane) have been 
successfully decomposed in aqueous media using different types of electrocatalytic 
anodes (for example, Ti/SnCE, Ti/PbCE, Ti/RuCE, Ti/RuCVSnCE) (Comninellis and 
Pulgarin, 1991, Comninellis and Nerini, 1995, Torres, et al., 2003, Belhadj and Savall,
4
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1999, Ribordy et al., 1997, Panizza et al., 2001, Polcaro et al., 1999). However, there are 
very few reports (Sonoyama and Sakata, 1999, Nishimoto et al., 1988, Chen et al., 1999) 
on the successful electrochemical degradation of volatile chlorinated hydrocarbons in 
aqueous solution. Sonoyama and Sakata (1999) and Chen et al., (1999) are some of the 
few authors who were able to efficiently decompose various CAHs, using column type 
impregnated carbon fiber electrodes and electrically conductive ceramic (T^Cb) Ebonex 
electrodes respectively in bench scale studies. These electrodes are expensive, 
sophisticated and could be uneconomical to use in an actual wastewater treatment plant. 
Hence the application of alternate electrode materials, which are cheaper, easily 
available, and do not require a high level of sophistication (to operate the reactors in 
which they are placed), can be explored.
In this study, it is proposed to investigate the feasibility of electrochemical 
degradation of two CAHs, DCA and TCA, using stainless steel and graphite plate type 
electrodes. DCE and TCE are present on the United Kingdom’s (UK’s) ‘Red list” of 
priority pollutants (Edwards, 1992) and in the United States Environmental Protection 
Agency’s (USEPA) priority list of pollutants. The USEPA has set a limit of 0.05 mg L ' 1 
and 0.2 mg L ' 1 for DCA and TCA and in drinking waters, respectively. The U.S. alone 
has produced approximately 16 million tons of DCA in 1994 (ATSDR, 1999). The 1,2- 
dichloroethane is used in Canada primarily as an intermediate in the synthesis o f vinyl 
chloride and, in small quantities, in the manufacture o f motor antiknock fluids. Both 
DCA and TCA exhibit typical CAH characteristics of high volatility and low 
biodegradability. DCA can cause circulatory and respiratory failure associated with 
neurological disorders in human being (IARC, 1999), while TCA can damage the central 
nervous system, skin, heart and circulatory system, or it may even cause cancer (Tsai, 
1992).
1.4. Objectives
The main objective of this study was to investigate the feasibility of 
electrochemical treatment to degrade 1 ,2 -dichloroethane and 1 , 1 ,2 -trichloroethane in 
synthetic groundwater, using stainless steel and graphite plate type electrodes. The effects 
of different experimental parameters such as initial substrate concentration, chloride
5
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concentration, conductivity and applied current density, on the electrochemical 
degradation process were investigated.
1.5. Scope
The objective was accomplished by conducting studies under varying 
environmental conditions as given below:
• Initial substrate (DCA and TCA) concentration
• Chloride concentration
• Electrolytic conductivity
• Applied current density
The change in the total organic carbon (TOC) concentration, which represents the 
DCA and TCA, was measured over the duration of experiment and the data obtained was 
used to determine the order and kinetic rate constants. The cell voltage, current input and 
the TOC data obtained were computed to determine the instantaneous current efficiency 
(ICE) and the energy consumption. The temperature dependency o f the electrochemical 
degradation reaction was studied by conduction experiments under varied reaction 
temperatures.
6
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CHAPTER 2 
LITERATURE REVIEW
This chapter describes different aspects of chlorinated aliphatic hydrocarbons, 
such as uses, production and sources of aliphatic hydrocarbons in the environment and 
the present methods o f their removal from water and wastewater. A detailed discussion 
on the benefits and disadvantages of conventional and advanced oxidation processes is 
also presented. Finally, selection of an electrochemical method and use of stainless steel 
and graphite material for this study is justified.
2.1. Chlorinated aliphatic hydrocarbons
The chlorinated aliphatic hydrocarbons are environmental contaminants, widely 
used in industrial processes and are toxic to organisms in soil, surface water and 
groundwater. In natural water bodies, such as lakes, rivers or ponds, volatilization is a 
major removal process of CAHs (ATSDR, 1999). Dilling et al. (1975) and Chiou et al. 
(1980) investigated volatilization of DCA in stirred tank at varying depths and surface 
areas, and reported that the half-life ranged between 5 and 29 min. Based on fate 
modeling (EXAMS), the predicted half-life of 1,2-dichloroethane was 9 days in a 
eutrophic lake and one day in a 300 km stretch of a river system (assuming a loading rate 
of 0.1 kg 1,2-dichloroethane in both cases) (EPA, 1982a). Although hydrolysis of 1,2- 
dichloroethane may also occur in an aquatic environment, this is not a significant removal 
process, since the half-life for hydrolysis has been estimated to be 72 years at neutral pH 
and 25°C (Barbash & Reinhard, 1989). In conditions similar to those o f groundwater (i.e. 
in the presence of sodium sulfide, a pH of 7, and a temperature o f 15°C), the estimated 
half-life of 1,2-dichloroethane was 23 years (Barbash & Reinhard, 1989). The primary 
products of hydrolysis are vinyl chloride and 2-chloroethanol (Jeffers et al., 1989); vinyl 
chloride can be further degraded to acetylene and acetaldehyde (Hill et al., 1976), while 
2-chloroethanol may be degraded to ethylene glycol (Ellington et al., 1988).
Based on its low sorption coefficient, 1,2-dichloroethane is not expected to be 
adsorbed appreciably to soil, suspended solids or sediments, and is therefore released into 
the atmosphere and can cause haze and ozone formation (Frietas and Livingston, 1995). 
Ozone at ground level is toxic to both plant and animal life (Eckenfelder, 1989). Owing
7
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to the environmental and human health concerns of CAHs, it is necessary to prevent or 
reduce their emissions into the atmosphere, therefore it is important to remove these 
organic pollutants from groundwater, surface water and wastewater.
2.2. Aerobic biological degradation of CAHs
Conventional biological treatment has been shown to be a viable approach for 
treatment o f contaminated waters containing chlorinated hydrocarbons (Strotmann and 
Roschenthaler, 1987, Acha et al., 1999). Wilson and Wilson (1985) found that aerobic 
microbes grown on natural gas promoted the transformation of trichloroethylene (TCE), 
potentially into carbon dioxide, chloride ion and water. Numerous field and laboratory 
investigations have studied various oxygenase systems for aerobic transformation of 
chlorinated aliphatic hydrocarbons (Stucki et al., 1992, Friday and Portier, 1989, Janssen 
et al., 1984, Keuning et al., 1985). Aerobic degradation of DCA also has been studied 
previously by several researchers (Janssen et al., 1984; Keuning et al., 1985; Friday and 
Portier, 1991; Stucki et al., 1992). However, while aerobic microbes can effectively 
degrade DCA, air stripping is a problem when conventional bioreactor configurations, for 
example activated sludge process, are used to treat DCA contaminated wastewaters. This 
is because aerobic treatment requires oxygen, and the oxygen supplied through aeration 
causes losses of DCE (Frietas and Livingston, 1995). Therefore, several bioreactor 
configurations have been advocated to overcome the air-stripping problem (Stucki et al., 
1992, Friday and Portier, 1989). Stucki et al (1992) studied the mineralization of low 
concentration of DCE in two different fixed bed reactors, adding oxygen in the form of 
H2O2 . This can only be applied when there is a small quantity of organics, which requires 
a small quantity of oxygen for their degradation. The other configuration, in which 
reactor was pressurized to 2 bar to mineralize 500 mg L ' 1 of DCE, is also recognized to 
be disadvantageous because of partial stripping of the chlorinated compound requiring 
additional treatment technologies that would lead to further clean-up costs. In addition, it 
is likely that construction and operating a pressurized reactor would prove prohibitively 
expensive for many wastewater flows, and could also affect the microbiological behavior 
if pressure above 4 bar are used (Ellis et al., 1992). Lee et al. (1993) reported study on 
continuously stirred tank reactor (CSTR) in which aromatic solvents were passed through
8
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a coil of silicone tubing suspended in the reactor, and diffused through the tubing into the 
biomedium where they were biodegraded. However, air stripping still occurred during 
operation and the removal efficiency was highly dependent on keeping the culture 
growing at a maximum growth rate.
To overcome the problem of air stripping in bioreactor, Livingston and Santos 
(1995) investigated a novel membrane bioreactor for the detoxification of YOC 
wastewaters, particularly of 1,2-dichloroethane. Wastewater containing DCE was 
separated from the aerated biomedium using a silicone rubber membrane that was coiled 
around a Perspex draft tube. DCE diffuses across the silicone rubber membrane and into 
a biofilm growing attached to the surface of the membrane, while oxygen diffuses into 
the biofilm from the biomedium side. Oxygen and DCE meet in the biofilm and 
degradation occurs without the DCE being directly exposed to the aerating gas stream. 
This method resulted in negligible (1.5 %) air stripping in contrast to conventional airlift 
bioreactors, at the same flow rate. However, this novel approach showed limitation in its 
application due to the accumulation of DCE at the membrane-biofilm interface, which 
limited the mass transfer driving force across the membrane. Despite these efforts, the 
use of aerobic co-metabolism for treating contamination with CAHs is still in its infancy 
(Semprini, 1997).
2.3. Anaerobic biological degradation of CAHs
Owing to limitations in aerobic biological treatment methods that are mentioned 
above, several researchers have attempted anaerobic degradation o f CAHs. Under anoxic 
conditions, the carbon-halide bond of CAH may be cleaved by hydrolysis mediated by 
halidohydrolase according to the following equation (Janssen et al., 1994):
R-X + H20  <-> R-OH + H+ + X' (2.1)
This dehalogenation reaction was observed both for alkyl and aryl halides 
(Fetzner and Lingens, 1994; Janssen et al., 1994). An important and well-known 
dehalogenation mechanism is the reductive cleavage of the C-X bond according to the 
following equation:
R-X + 2H > R-H + H+ + X' (2.2)
9
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The substrate may be halogenated aliphatic or aromatic compounds and the reaction is 
either co-metabolic or metabolic (Fetzner and Lingens, 1994; Leisinger, 1996).
During the past few years, several strictly anaerobic bacteria have been isolated 
that are able to utilize organohalogens as an energy source in the presence of an 
appropriate electron donar. For example homoacetogenic bacterium strain MC and 
Dehalobacterium formicoaceticum were isolated with chloromethane and 
dichloromethane as sole energy source respectively (Traunecker et al., 1991, Magli et al., 
1995,1996). Both of these strains convert dichloromethane to acetate and formate 
according to the following equation:
2CH2C12 + C 0 2 <-»• 2HCOO' + CH3COCF + 9H+ + 6 CF (2.3)
(AG°’= -630 kJ m ol'1)
Most of these biotransformations were believed to be mediated by non-specific 
microbial metabolism where the substrate and pollutant are not adequately distinguished 
by the organism (Vogel et al., 1987). A variety of studies have proven that transition 
metal coenzyme such as F430 and corrinoids, known to be abundant in methanogens 
(Daniels, 1993), serve as microbial components capable o f facilitating reductive 
dechlorination (Krone et al., 1989a,b; Gantzer and Wackett, 1991). Although such 
biotransformations of chlorinated aliphatics do not provide a source of energy for growth, 
recent findings have shown that organisms exist that can couple the transformation of 
PCE to obtain energy for growth in a respiratory process (Flolinger et al., 1993; Scholz- 
Muramatsu et al., 1995), including a strain which can catalyze the complete 
dechlorination to ethene (Maymo-Gatell et al., 1997). One of the most significant 
findings, from a practical perspective, was that bacteria can derive biologically useful 
energy from the complete reductive dehalogenation of chlorinated solvents (e.g. PCE) in 
the absence of oxygen and, in the process, yield chloride and ethene, ethane, or carbon 
dioxide as sole degradation products (de Bruin et al., 1992, Neumann et al., 1994, Scholz- 
Muramatsu et al., 1995, Vogel and McCarty, 1985). Despite the extensive number of 
studies on the anaerobic biotransformations of individual chlorinated aliphatic 
hydrocarbons, information concerning degradation of mixtures is sparse. This general 
lack of knowledge is of particular importance when considering fact that approximately 
half of all contaminated sites may contain more than one pollutant. When multiple
10
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compounds are present, there are a number of possible factors such as toxicity and 
inhibition that contribute to the complexity of observed transformation phenomena 
(Alvarez-Cohen and McCarty, 1991a,b, Sipes and Gandolfi, 1982). The observation that 
the transformation of highly chlorinated aliphatic hydrocarbons appears to provide no 
direct benefit to certain organisms, and often inhibit normal metabolic activity, raises the 
possibility that these anaerobic cultures are subject to toxic effects (Adamson and Parkin, 
1999).
Reductive dehalogenation holds considerable promise as an engineered, in situ 
bioremediation technology because of its potential for completely dechlorinating fully 
chlorinated solvents such as PCE. In the absence of any other mechanism, this process 
could achieve total dechlorination without the need for molecular oxygen and the 
associated costs and risks. However, this process is not fully understood, and the ability 
to enhance or control the process is still uncertain (Lee et al., 1998).
2.4, Chemical oxidation-reduction methods
Conventional technology for treating halogenated aliphatic hydrocarbon (HAH) 
from contaminated-sites involves pumping groundwater to the surface and transferring 
the compound in another phase by using granulated activated carbon (GAC) adsorption 
or air stripping (Card and Corsi, 1991). Both carbon adsorption and air stripping 
possesses a common disadvantage in that they are only partial solutions and require 
additional technology to regenerate waste carbon or to clean waste air, respectively 
(Frietas and Livingston, 1995). Thermal incineration requires a high temperature (1000 
°C) as well as the presence of oxygen at high temperatures can cause the formation of 
highly toxic byproducts such as phosgene or dioxins (Martino et al., 1999).
More recently, the discovery that zero-valent metals such as iron can transform a 
variety of halogenated compounds (Gillhan and O ’Hannesin, 1994; Johnson et al., 1996, 
Janda et al., 2004. Schafer et al., 2003) has led to the design of engineered in situ 
treatment systems, such as passive treatment walls, for purposes of groundwater plume 
remediation. As zero valent iron is relatively non-reactive, long contact times (from hours 
to days) and relatively wide trenches are required (Siegrist et al., 2001).
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Recently, McNab and his coworkers (1998, 2000) have reported the use of 
palladium-based hydrodechlorination reactors for the degradation of chlorinated 
hydrocarbons. A two-stage reductive dehalogenation of CAHs in the presence of Pd 
metal catalyst and electrolytically generated hydrogen gas was investigated. Though this 
process was found to be faster and effective, the deactivation of the Pd catalyst limits its 
application. The deactivation of Pd catalyst is not well understood and appears to be 
related to water composition. CAHs were also rapidly dechlorinated in aqueous solution 
with Pd-based catalysts using dissolved hydrogen gas as the reductant (Scuth et al., 
2000 ).
The application o f in-situ chemical oxidation for remediation of contaminated soil 
and groundwater has evolved over the past decade. Due to the high oxidation potential of 
hydrogen peroxide and hydroxyl radicals (OH°), chemical oxidation has been 
accomplished with the use of hydrogen peroxide or Fenton’s reagent (H2O2 plus Fe+2) 
(Watts et al., 1991, Tyre et al., 1991, Gates and Siegrist, 1995. Gates et al, 1995). A 
number of reports are available on the successful application of peroxide and Fenton’s 
treatment for the in-situ groundwater and soil and also for water and wastewater 
containing recalcitrant organic pollutants (Gates and Siegrist, 1995. Gates et al, 1995, 
Ravikumar and Gurol, 1994, Gates Anderson et al., 2001). Studies of the peroxide 
degradation of toxic organics in soil and groundwater initially focused on petrochemicals 
(e.g. naphthalene, phenanthrene, pyrene, phenols) but later encompassed chlorinated 
solvents (i.e., TCE, PCE) (Watts et al., 1990, Watts and Smith, 1991, Watts et al., 1991, 
Tyre et al., 1991, Gates and Siegrist, 1995, Gates et al, 1995, Ravikumar and Gurol, 
1994, Gates Anderson et al., 2001).
The application o f hydrogen peroxide to soil and groundwater systems involves a 
variety of competing reaction as follows (Siegrist et al., 2001):
H20 2 + Fe+2 OH' + Fe+3 + OH0 (2.4)
H20 2 + Fe+3 H 0 2° + H+ + Fe+2 (2.5)
OH0 + Fe+2 OH' + Fe+3 (2 .6 )
H 0 2° + Fe+3 0 2 + H+ + Fe+2 (2.7)
H20 2 + OH0 H20 +  h o 2° (2 .8 )
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RH + OH0 <-> H20  + R° (2.9)
R° + Fe+J <-> Fe+2 + products (2.10)
Hydrogen peroxide also autodecomposes in aqueous solutions with accelerated 
rates upon contact with mineral surfaces as well as carbonate and bicarbonate surfaces 
(Hoigne and Bador, 1983);
H2O2 <r~* 2H20  + 0 2 (2.11)
The simplified stoichiometric reaction for hydrogen peroxide degradation of TCE is 
shown in the following equation,
3H20 2 + C2HCI3 <-> 2C 0 2 +2H2 O + 3HC1 (2.12)
Fenton’s reagent oxidation is most effective under very acidic pH (e.g. pH 2 to 4) 
and becomes ineffective under moderate to strongly alkaline conditions and/or where free 
radical scavengers (e.g. CO3"2) are present in sufficient quantities. The reaction is 
strongly exothermic and can evolve substantial gas and heat. Compared to hydrogen 
peroxide (and Fenton’s reagent) and ozone, permanganate oxidation of soil and 
groundwater has been studied more recently for in situ treatment o f chlorinated solvents 
(e.g. TCE, PCE).
Under the conditions common for in-situ chemical oxidation applications, M nOf 
is not a very effective oxidant for degradation of chlorinated alkanes such as 1 ,2 - 
dichloroethane and 1,1,1-trichilorethane (Gates et al. 1995, Tratnyek et al.1998, Gates- 
Anderson et al. 2001). Limited treatment of 1,1,1-trichloroethane is expected, because 
chemical oxidation with KMn0 4  (as well as H2O2) appears to be favored in compounds 
with p i bonds or other electrophilically favorable chemical structures. A saturated 
aliphatic compound, such as 1,1,1-TCA, has no readily available electron pairs and is not 
as easy to chemically oxidize as unsaturated compounds such as trichloroethylene (TCE) 
and pentachloroethylene (PCE). Experiments have confirmed low treatment efficiency is 
achieved with permanganate oxidation of chlorinated alkanes. For example, Tratnyek et 
al. (1998) investigated the feasibility of treating mixtures o f VOCs in situ and laboratory 
water by sequential reduction and oxidation. Although sequential reduction and oxidation 
of volatile organic carbons (VOCs) proved problematic, the experiments demonstrated 
that M nOf effectively oxidized chlorinated ethenes but had minimal effect on
13
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halogenated alkanes. Gates et al. (1995) reported similar findings for treatment of 1,1,1- 
trichloroethylene in soil slurries.
Field applications have demonstrated that in-situ chemical oxidation can achieve 
destruction of pollutants and attain clean-up goals at some contaminated sites. However, 
some field-scale applications have had uncertain or poor in-situ performance. Poor 
performance is often attributed to poor uniformity of oxidant delivery cause by low 
permeability zones and site heterogeneity, excessive oxidant consumption by natural 
subsurface materials, the presence of large masses of dense non-aqueous phase liquids 
(DNAPLs), and incomplete degradation. In some applications there continued to be 
concerns over secondary effects such as oxidation effects on metals, loss in permeability 
due to in-situ chemical oxidation-produced particles, and gas evolution and fugitive 
emissions, as well as health and safety practices (Siegrist et al., 2000a,b).
Several researchers have investigated the degradation of chlorinated hydrocarbons 
with ultraviolet radiation and ultrasonic treatment (Gutler et al., 1994, Kruger et al., 1999, 
Prager and Hartmann, 2001). Use of sonochemical methods is still under laboratory scale 
investigation and has been applied only to gas phase pollutants. The reaction mechanism 
of sonochemical oxidation, kinetics and reactor design are yet to be understood. Studies 
have demonstrated UV photolysis (200-280 nm) alone does not decompose halogenated 
compounds such as chloromethane, and that the decrease o f the concentration of some of 
the substrates was mainly due to evaporation (Gutler et al., 1994). The degradation with 
UV irradiation under the combination of oxidants (H2O2/UV, O3/UV), or titanium 
dioxide (TiC^/UV) has also been shown (Ho and Bolton, 1998, Beltran et al., 1997, Ollis, 
1985, Matheus, 1986). The H2O2/UV and O3/UV procedures employ UV photolysis of 
oxidants (H2O2 and O3) in order to generate hydroxyl radicals. For the photocatalytic 
oxidation (TiC^/UV), the semiconductor absorbs UV light and generates hydroxyl 
radicals mainly from adsorbed H2O and hydroxide ion. In these advanced oxidation 
process, dissolved oxygen is used for reaction (Legrini et al., 1993). The corresponding 
stoichiometry for tetrachloroethylene, trichloroethylene and chloroform to CO2 and HC1 
are given by following equations (Ollis, 1985, Pruden and Ollis, 1983, Dibble and Raupp, 
1992)
Cl2 <-> CC12 + 0 2 + 2H20  -» 2C 0 2 + 4HC1 (2.13)
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C12C <-> CHC1 + 3/202 + H20  <-> 2C 0 2 + 3HC1 (2.14)
CHCI3 + l / 2 0 2 + H20 ^ C 0 2 + 3HCl (2.15)
It is evident from above reactions that advanced oxidation processes rely on 
oxidative degradation reactions, where organic radicals or hydroxyl radicals 
intermediates are trapped by dissolved molecular oxygen resulting in complete 
mineralization via peroxyl radicals (Shirayama et al, 2001). The presence of dissolved 
oxygen (DO) in water, therefore, is an indispensable factor for the above-mentioned
advanced oxidation processes. If these methods are to be applied for treatment of
groundwaters where DO concentration is usually low, efficiency o f advanced oxidation 
processes will be low and for higher treatment efficiency pre-aeration would be essential. 
However, as discussed in the beginning of this chapter, pre-aeration of groundwater may 
cause removal of CAHs through air stripping.
The above review on different methods o f treatment for the degradation of CAHs 
in groundwater suggests that there is a need for an alternative treatment method, which 
can effectively degrade CAH to C 0 2 and water without air stripping under normal 
groundwater conditions. In this case, the electrochemical oxidation-reduction treatment 
method appears to be very promising due to its known potential of degrading highly 
recalcitrant organics in laboratory and field scale experiments.
2.5. Electrochemical treatment methods
The electrochemical treatment of wastewater containing organic pollutants has 
attracted a great deal of attention recently, mainly because of the ease of control and the 
increased efficiencies provided by the use of new electrode materials and compact bipolar 
electrochemical reactors. The electrochemical method is one of the most suitable 
techniques for the treatment of public water whose source is contaminated groundwater, 
and also wastewater containing halocarbons, for the following reasons: 1. The 
decomposition of pollutants proceeds in water at room temperature and 2. The 
electrochemical method does not require active chemical reagents for the reaction, and 
therefore avoids secondary pollution (Sonoyama et al., 2001).
Much of the practical work on electrochemical organic removal and oxidation has 
been undertaken in laboratories using synthetic wastewaters. Phenol and its derivatives
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are the most investigated chemicals in the electrochemical studies (Comninellis and 
Pulgarin, 1991, 1993; Comninellis and Nerini, 1995, Gattrell and Kirk (1990) and 
Chettiar and Walkinson, 1983). Results obtained have been promising with respect to 
removal efficiency and process simplicity. Also, these studies were aimed primarily to 
evaluate removal efficiency in terms of gross parameters such as chemical oxygen 
demand (COD) and TOC, however, no attempts were made to analyze the mechanism of 
process in terms of reaction intermediates and reaction kinetics. A very interesting 
assessment study on the structure-reactivity relation of phenol in electrochemical process 
has been reported recently (Torres et al., 2003). The phenols, substituted with electron 
donor groups (OH- and NH2-) and electron withdrawing groups (NO2-, COOH-, and 
halogens), were electrolysed at a platinum anode in the presence of sodium sulphate, and 
their initial rates of degradation were correlated with the octanol-water partitioning 
coefficient (log Poct) and the Hammett’s constant. Except for p-chloropbenol. apparent 
correlations between initial degradation rates (V0) and the log Poct and the Hammett’s 
constant were observed. The dependence of V0 on the Hammett’s constant highlights the 
relevance of electron donor character of the substituents on electrochemical reactivity. 
However, dependence of V0 on log Poct indicates that the lower the hydrophobic character 
of the compound, the higher its reactivity. In the case of halogen-substituted phenols, the 
electrochemical reactivity of the compounds were found to increase with an increase in 
the number of chlorine substituents, which was in agreement with the findings of Rodgers 
et al. (1999). As a result, the degradation of chlorinated phenols occurs through an 
atypical route or, perhaps, through parallel routes.
Belhadj and Savall (1999) have studied electrochemical oxidation of phenol in 
aqueous solution on bismuth-doped lead dioxide anodes with two different electrode 
formulations (viz. pure PbC>2 and perchlorate-doped PbCE). The main product of 
oxidation was 1-4 benzoquinone, maleic acid and CO2. Although the phenol was oxidized 
at the same rate on two deposits, the charge input corresponds to total elimination of 1,4- 
benzoquinone for perchlorate-doped PbC>2 was three times than that for pure Pb0 2 .
The detection of hydroquinone, benzoquinone and similar intermediates in all of 
the above investigations, indicates a release of chloride ions which rapidly oxidize to 
form chlorine and then hypochlorous acid, HOC1,
16
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2X‘ <-> X2 + 2e" (X= halogen) 
X2 + H20  HOX + H+ + X'
(2.16)
(2.17)
Thus, the HOC1/OC1" pair, and chlorine, react with organic compounds and thus 
improve the oxidation rates of chlorophenols. A similar hypothesis for chlorophenol 
degradation was suggested by many researchers elsewhere (Ribordy et al., 1997; Panizza 
et al., 2001; Polcaro et al., 1999).
Several researchers have described the use o f platinum electrodes for the 
degradation of linear alkylbenzenesulfonate (LAS) (Yazici et al., 1998), and different 
industrial wastewaters (Vlyssides et al., 1997, Torres et al, 2003, Szpyrkowicz et al, 
2001). Yazici and his coworkers (1998) reported a 40-50 % reduction in the 
concentration of LAS after 6  hours of electrolysis at 20 V in the presence of Na2SC>4 . 
However, these researchers concluded that the platinum anodes have a limited 
operational range of oxidation potentials. Therefore, in recent years, attention has 
focussed on different anode materials, such as graphite, carbon, ruthenium oxide and 
iridium oxide coated with Ti substrate, Ti/Pt, Ti/Pt/Ir, T i/Sn02, Ti/Sn0 2-Sb20 5 , T i/Pb02 
and boron-doped diamond electrodes (Scott, 1995).
A lead dioxide-coated titanium anode (Ti/Pb02) was employed for the 
electrochemical oxidation of four different recalcitrant organic pollutants namely, lignin, 
tannic acid, chlorotetracycline and EDTA (Chiang et al., 1997). The Microtox test and 
organic halogen (TOX) analyses were performed to monitor the changes in the organic 
characteristics of these pollutants. It was reported that COD and colour o f lignin, tannic 
acid, chlorotetracycline and EDTA could be readily removed by electrochemical 
oxidation by direct and indirect electro-oxidation. The Microtox results also 
demonstrated that the process could eliminate the toxicity o f refractory pollutants and 
make the pollutants more amenable to biodegradation (Chiang et al., 1997). Ginkel et al. 
(2 0 0 2 ) have described a similar study on enhancement of biodegradability o f wastewater 
containing diethylenetriaminepentaacetic acid (DTP A). The electrochemical pre­
treatment could effectively fragment DTPA into biodegradable compounds as indicated 
by an increase in the BOD/ThOD ratios. The activated sludge treatment removed about 
70 % of DTPA nitrogen from electrochemically-pretreated effluents while the combined 
process degraded more than 95 % of DTPA. These observations of increased
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biodegradability during electrolysis can be very effectively used for the combined 
treatment of industrial effluents containing recalcitrant organics.
Several groups have attempted the electrochemical decomposition of 
dichloromethane in a batch-type cell and in a flow cell (Nishimoto et al., 1988, Miftikian 
et al., 1995, Kotsinaris et al., 1998). They concluded that dichloromethane is more 
persistent than other chlorohydrocarbons. Sonoyama and Sakata (1999) reported the 
continuous decomposition of ppm level of halocarbons in water using metal-impregnated 
carbon fiber electrodes (CFEs). Most halocarbons (chloroform, tetrachloroethylene, 
trichloroethylene etc.) decomposed with almost 1 0 0  % conversion, whereas the 
conversion of dichloromethane and 1,2-dichloroethane was below 50 %. The 
electrochemical recalcitrance of these two compounds was attributed to their high 
reduction potential. In another study, on the optimization of electrochemical conditions 
(metal electrode and potential) for the decomposition of dichloromethane, different metal 
electrodes were used in a flow cell (Sonoyama et al., 2001). The Cu electrode was highly 
effective in decomposing dichloromethane; Pd, Zn, Pb and Ag electrodes were 
moderately active while other metal electrodes were ineffective. Also, the conversion of 
dichloromethane was largely dependant on the packing material o f the column electrodes. 
The Cu metal powder column electrode was found to be more effective than a Cu 
particle-impregnated carbon fiber electrode and the activated carbon electrode.
Since most of the chlorinated aliphatic hydrocarbons o f concern are highly 
volatile, an electrochemical reactor equipped with metal-supported gas diffusion 
electrodes (GDEs) has been studied exclusively by Sonoyama and his coworkers (2004, 
2002, 1998a, 1998b). A GDE has a very porous structure and consists of two regions; a 
reaction region made of a hydrophilic region and another reaction region made of a 
hydrophobic carbon. Electrolytic solution penetrates only into the reaction region, and a 
gaseous reactant is supplied though the gas diffusion region rapidly. Therefore, GDE is 
appropriate for the electrochemical reaction with gaseous reactants. Sonoyama and 
Sakata (1998) described hydrogenation of CFC-13, which is the most stable and difficult 
to decompose among the Cl chlorofluorocarbons. The catalytic activity of hydrogenation 
of CFC-13 and products was dependant on the kind of metals that supported on GDEs. 
Methane was produced from electrolysis of CFC-13 on a Cu-supported GDE. By using
18
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Ag-supported GDE, dechlorination of CFC-13 proceeded selectively, and HFC-23 
(CFIF3) was produced. Very recently, studies were reported on the electrochemical 
decomposition of CFC-12 and HCFC-22 at metal-tetra-phenyl-porphyrin (TPP) and 
metal-phthalocyanine (PC)-supported GDE (Sonoyama and Sakata, 2002, Sonoyama et 
al., 2002). These metal complexes, particularly some flat ring complexes, are known to 
have electrocatalytic activity for reduction of several gaseous reactants than metal 
electrodes (Brodd et al., 1976, Fisher and Eisenberg, 1980, Lieber and Lewis, 1984). The 
Cu-TPP and Zn-TPP showed high activity for decomposition of CFC-12. The main 
product at the Cu-TPP supported GDE was methane with 73 % current efficiency at 20 
mA cm ' 2 and the selectivity of methane formation was kept at the higher current density. 
Also Co-PC-supported GDE showed electrocatalytic activity for HCFC-22 
hydrogenation, with decomposition to methane and HFC-32.
Despite the efficiency and feasibility o f electrochemical processes in waste 
treatment, electrochemical processes are of a heterogeneous nature, which means that the 
reactions are taking place at the interface of an electronic conductor (electrode) and ion 
conducting medium (electrolyte). The heterogeneous nature of the electrolysis process 
implies that these processes may suffer from limitations of mass transfer and the size of 
the specific electrode area. Another crucial factor is the chemical stability and activity of 
the electrode material. Different types of cell constructions, electrode configurations and 
types of electrode materials have been extensively studied in recent years, to achieve 
higher mass transfer and lower energy consumption. Juttner and his coworkers (2000) 
have published recently an extensive review on different types of cell constructions and 
electrode configurations. Although titanium based rare earth metal-coated anodes have 
been extensively researched and showed high electrical properties, their long term 
stability and cost are still limiting their economical use on field-scale treatment plants. 
Therefore, in this study, graphite and stainless steel plate electrodes were used in an 
undivided electrochemical cell. These materials were selected on the basis of their high 
stability under different electrolytic conditions, easy availability, and lower cost. Two 
model chlorinated aliphatic hydrocarbons namely, 1 ,2  dichloroethane and 1 , 1 ,2  
trichloroethane, were electrolyzed in a closed undivided reactor equipped with vertically 
placed plate electrodes.
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This study investigated the feasibility of electrochemical degradation of 1,2 
dichloroethane and 1 ,1 ,2  trichloroethane in a synthetic groundwater using stainless steel 
electrodes and graphite plate-type electrodes. Since both DCA and TCA are volatile 
compounds, experiments were carried out using a synthetic groundwater in a closed 
reactor system.
A literature survey was performed to determine groundwater 
characteristics from different locations in North America (Ellis, et al., 2000, MGS, 2002, 
WRD, 1999, NAQUADAT, 1985, Thompson, 2003). Based on this information, a 
representative groundwater composition was developed. The electrolysis process is likely 
to be influenced by pH, chloride concentration and conductivity. Since groundwater pH 
does not fluctuate very much, conductivity and chloride concentration were selected as 
variable experimental parameters. Also, applied current density and initial substrate 
concentration were varied to examine their influence on the electrolysis process. All 
experimental conditions are summarized in Table 3.1.
Both DCA and TCA removal were monitored and evaluated by measuring the 
total organic carbon (TOC) content at different time intervals. Preliminary experiments 
were conducted by varying the initial TOC concentration in the range between 25 mg L ' 1 
to 100 mg L ' 1 under controlled conditions. Results from these experiments were used to 
determine the reaction order and kinetic constants of the process.
A series of experiments was performed to investigate the effect of chloride 
concentration on the TOC removal rate. In these experiments, the chloride concentration 
was varied between 10 mg L"1 and 1000 mg L '1. The addition o f chloride increased the 
conductivity; therefore, it was necessary to establish the role of both conductivity and 
chlorides. Hence, an appropriate amount of sodium sulphate was added to reproduce the 
conductivities that were obtained with 10, 250, 500, 750 and 1000 mg L ' 1 of chlorides. 
Results obtained were used to optimize the chloride concentration for further 
experiments.
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Table 3.1: Summary of different experimental conditions
Exp.
No.
Variable parameter Control parameters
1 Initial TOC concentration, mg L ' 1 Conductivity = 340 pS cm ' 1 
Applied current= 5.21 mA cm ' 2 





2 Applied current density, mA cm ' 2 Conductivity = 340 pS cm ' 1 
Initial TOC= 75 mg L"1 






3 Chloride, mg L' 1 Conductivity = 340 pS cm ' 1 
Applied current= 5.21mA cm"2 




1 0 0 0
4 Conductivity, pS cm ' 1 Applied current= 5.21 mA cm ' 2 
Initial TOC= 75 mg L ' 1 
Chlorides= 10 mg L ' 1
600
1 1 0 0
1600
5 Temperature, °C Conductivity = 340 pS cm ' 1 
Applied current= 5.21mA cm ' 2 
Chlorides= 10 mg L ' 1 





1 .S a m p l i n g  t i m e  i n t e r v a l  =  3 0  m i n u t e s .  2 .  p H  =  6 . 8  3 .  A l l  e x p e r i m e n t s  p e r f o r m e d  in  t r i p l i c a t e
4 .  P a r a m e t e r s  m o n i t o r e d  =  T O C ,  p H ,  v o l t a g e
Finally, experiments were conducted at different current densities, ranging 
between 1.04 to 5.21 mA cm'2, to examine the effect o f applied current density on the 
TOC removal rate. The change in pH, voltage and temperature o f electrolyte was 
monitored and recorded over the duration of each experiment. The TOC, applied current, 
electrolysis duration and voltage data was used to calculate kinetic parameters, energy 
consumption and current efficiency of the process.
The mass of each electrode was determined before and after each experiment 
during the study period.
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3.2. Synthetic groundwater medium
The physicochemical characteristics of groundwater in North America and other 
parts of world vary significantly from place to place depending upon geographical 
location, soil characteristics, land use pattern and industrial activities around. Therefore, 
it is almost impossible to duplicate these variations on physicochemical characteristics in 
the laboratory. Hence, a typical North American groundwater recipe, (Ellis et al., 2000) 
the composition of which is given in Table 3.2, was used in all experiments.
Table 3.2: Important physicochemical characteristics of natural groundwater and 






pH 6.9 -7 .2 7 .0- 1.16 4500-H+B
Alkalinity, mg (CaCCbL'1) 190-230 2 1 2  - 218 2340B
Conductivity, pS cm ' 1 — 298 - 344 2510B
Hardness, mg (CaCC^jL'1) 190 -230 174- 182 2340B
Dissolved O2 , mg L' 1 <0 .2 <0 . 2 4500-G
Chloride, mg L’ 1 1 0 1 0 - 1 2 4500B
Fe, mg L' 1 7 -  15 5 .0 -6 .2 NM
M11. mg L 1 1 .8  - 2 . 0 1 .76-2 .0 NM
Ca, mg L ' 1 6 9 -7 5 72 - 75 3500B
Total Organic carbon, mg L ' 1 < 2 0 5310B
Na, mg L' 1 38 - 4 2 4 2 - 4 5 311 IB
S 0 4'2, mg L ' 1 2 3 - 2 7 2 0 - 2 2 4500E
R a n g e  o f  c o n c e n t r a t i o n  u s e d  d u r i n g  t h i s  s t u d y  p e r i o d
2 S t a n d a r d  M e t h o d s  f o r  E x a m i n a t i o n  o f  W a t e r  a n d  W a s t e w a t e r ,  A m e r i c a n  P u b l i c  H e a l t h  
A s s o c i a t i o n  ( 1 9 9 8 )
Stock groundwater solution (25 L) was prepared in a 30 L tank during the period of study 
and selected parameters were analyzed. Nitrogen gas was purged into the groundwater 
for 5 to 10 minutes to deaerate the groundwater. Dissolved oxygen concentration was 0.5 
mg L ' 1 after 10 minutes of purging. Variation in parameters and the analytical method 
used are provided in Table 3.2.
3.3. Electrochemical reactor and experimental setup
Three Plexiglas rectangular containers (approximately 2 L capacity and 10 cm x 
14 cm x 14 cm), equipped with leak proof lids, were used as electrochemical reactors. 
The headspace and liquid volume were 962 mL and 1000 mL respectively. The
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electrolysis experimental apparatus is depicted in Figure 3.1 (Appendix A). The graphite 
and stainless steel electrodes (11 cm x 8  cm) (Figure 3.2) (Appendix B) were placed 
vertically 3 cm apart and were connected using the Cu-wire to a DC power supply. 
Magnetic stirrers were used to continuously mix the contents of the reactor during 
electrolysis. Aqueous samples were removed from the reactor and directly injected to the 
TOC analyzer through an 8 -port injection valve. For the carbon mass balance 
calculations, gaseous samples from the headspace were removed at different intervals 
using a 50 pL gas-tight syringe and then injected into a gas chromatograph to determine 
the carbon dioxide (CO2) content. Details of CO2 measurement are provided in Section
3.4.3. For the temperature variation study, the experimental apparatus was very similar to 
that described previously, except that heating tape was used to control the temperature of 
the reactor contents. The heating tape was coiled (Figure 3.3) (Appendix C), without 
overlapping, around the reactor and the temperature was maintained by adjusting the 
voltage regulator. The reaction temperatures of 20, 30 and 40°C, were achieved for a 
period of about 5 hours, with a variation of ±3°C.
3.4. Analyses
3.4.1. Groundwater parameters
The pH of the synthetic groundwater and electrochemically treated samples were 
measured using a glass pH electrode (Expandable ionAnalyzer, Orion Research). The pH 
meter was calibrated using standard pH solutions of 4.0 (±0.01), 7.0 (±0.01) and 10.2 
(±0.01) as described in method 4500 H (AWWA, 1998). The standard pH solutions 
were purchased from BDH Canada. Since there was little change in pH during initial 
electrolysis experiments, pH was monitored only before and at the end of electrolysis in 
most of the experiments. The DO content of the simulated groundwater was determined 
by using a DO probe (Orion Research, U.S.). The probe was calibrated at frequent 
intervals using standard solutions.
The concentration of calcium ion in the groundwater was determined using the 
EDTA titrimetric method as described in 3500B (APHA, 1998). A 0.01M standard 
solution of EDTA was used to titrate against the Ca ions present in the groundwater. The 
pH of the groundwater sample was first increased to 12 to 13 by adding a few drops of
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IN sodium hydroxide solution. Muroxide (ammonium purpurate) was used as an 
indicator to determine the end point of the titration. The total hardness of the simulated 
groundwater was determined by calculation method described in 2340B of Standard 
Methods for Examination of Water and Wastewater (APHA, 1998). This method uses 
individual calcium and magnesium ion concentration data to compute total hardness by 
the following formula:
Hardness (mg equivalent CaCC>3 L '1) = 2.497(Ca, mg L '1) + 4118(Mg, mg L '1) (3.1)
3.4.2. Total carbon and total organic carbon in the aqueous phase
Total carbon (TC) and total organic carbon (TOC) in aqueous samples 
were measured using TOC analyzer (T O C -V c sh /T O C -V c sn . Shimadzu Corporation, 
Japan). A pure oxygen gas is used as carried gas that flows at 150 mL min"1 to 
combustion tube, which has been filled with an oxidation catalyst, and heated to 680°C. 
The TC of a sample is burned in the combustion tube to form carbon dioxide. The carrier 
gas containing the CO2 and other combustion products, flows from the combustion tube 
to a dehumidifier, where it is cooled and dehydrated. Then it is passed though a halogen 
scrubber before it reaches the cell of a non-dispersive infrared (NDIR) gas analyzer, 
where the CO2 is detected.
A standard stock solution of 1000 mg L' 1 TC was prepared by dissolving 1.0 g of 
potassium hydrogen phthalate in 1L water. This stock solution was then used to prepare 
10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg L' 1 solutions of TC were injected into TOC 
analyzer and peak area obtained for each concentration is recorded and plotted vs. 
respective TC concentration. The TOC is measured by subtracting inorganic carbon (IC) 
value from TC value. A 1000 mg L"1 inorganic carbon (IC) solution was first prepared by 
dissolving g of sodium carbonate and g of sodium bicarbonate. The standard IC 
calibration was also prepared by following same method that used in determination of 
TOC. For each sample the instrument was changed into TC and IC mode and proper 
calibration plot number was fed into system. Once the TC and IC value were obtained 
from the instrument, TOC was then calculated using following relationship:
Total organic carbon, mg L ' 1 = Total carbon, mg L ' 1 -  Inorganic carbon, mg L ' 1 (3.2)
(TOC) (TC) (IC)
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3.4.3. Carbon dioxide in headspace
A 50 p,L Hamilton GASTIGHT® syringe was used to remove gaseous samples 
from the serum bottles and the headspace of the electrochemical reactor. A Varian gas 
chromatograph (Model 3800) equipped with a electron capture detector (ECD) was used 
for the CO2 analysis. The analytical column was a 2.0 m Resteck Shin Carbon ST packed 
column (2.0 mm ID). The total analytical time was 3 minutes and the analysis was 
isothermal at 100°C; (100°C injector temperature, 200°C detector temperature and the 
oven temperature and a carrier gas flow of 10 mL m in'1). Carbon dioxide was detected at 
2.4 minutes and the detection limit was 46.08 Pa.
Calibration standards for the GC were prepared in 160 mL serum bottles purged 
with nitrogen gas (99.5% purity). All the bottles were sealed with Silicone septa and 
capped with aluminum crimp seals, and known quantities of CO2 were injected into each 
bottle. Triplicate samples (50 pL) were removed and analyzed for CO2 . The standard 
calibration plot obtained showed a best-fit line passing though origin with R2 value of 
0.9992.
3.5. Statistical analyses
In this study all the experiments were conducted in triplicate. Each set of triplicate 
data was computed to evaluate standard deviation using Microsoft Excel® (version 2000) 
software. Percent error in the reproducibility of each analysis was also calculated and 
reported.
The Tukey’s procedure was used to compare the mean kinetic rate constants (k) 
obtained under different experimental conditions. The Tukey’s procedure uses the 
following equation:
w = q a ( t , d f  ) s I n  , (3.3)
where ‘f  is the number of batches, nj is the sampling number ( = 3 as experiments were 
done is triplicate), df = n j - 1 ,  a  is the confidence level (0.95), qa is the upper percentage 
points of the studentized range.
When ( I ,  -  X  , w ), then the two means (Xi and X2) were declared different.
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This chapter discusses the findings of the electrochemical degradation 
experiments conducted on 1 ,2  dichloroethane and 1 , 1 ,2  trichloroethane in synthetic 
groundwater. Results are based on data from sample analyses as well as interesting visual 
observations and processes that occurred throughout the course of the experiments. As 
mentioned in Chapter 3, graphite and the stainless steel plate type electrodes were used 
under varying experimental conditions of initial TOC concentration, applied current 
density, chloride concentration and conductivity. Temperature variation experiments 
were also conducted to examine the effect of the reaction temperature on kinetic 
parameters and determine the activation energy o f the electrochemical TOC removal 
process. This chapter elaborates on the rationale for the changes implemented in each 
experiment.
4.2. Electrochemical degradation using graphite electrodes
Residual TOC profiles as a function of the electrolysis time at different applied 
current inputs, when the graphite electrode was used, are depicted in Figure 4.1. After 8 
hours of continuous electrolysis, approximately 10.3, 12.43, 10.56 and 14 % TOC was 
removed at 1.04, 2.08, 3.13, 4.17 and 5.21 mA cm ' 2 current densities, respectively. At 
current inputs greater than 3.13 mA cm' , the graphite anode began dissolving, changing 
its color to a grayish hue. The loss of graphite electrode was determined by weighing the 
electrode after the gray color appeared. The electrode was dried first and its weight 
compared to the initial dry weight. A loss of 1200 mg o f graphite was noted. The reason 
for this instability of the graphite electrode at currents higher than 3 mA cm ' 2 could not 
been ascertained. Investigation by means of cyclic voltametry method may explain the 
reason; however this task was out of the scope of the present research work. 
Therefore, in further experiments use of graphite electrodes was excluded, while use of 
stainless steel electrodes was examined.
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Figure 4.1: Residual TOC profile during electrolysis of DCA using 
graphite electrode as a function of applied current density 
( Initial TOC =75 mg L"1, chlorides =10 mg L"1)
4.3. Electrochemical degradation using stainless steel electrodes
4.3.1. Initial TOC variation experiment results
Synthetic groundwater solution was spiked with the appropriate amount of DCA 
and TCA separately to achieve initial TOC concentrations o f 25, 50, 75 and 100 mg L ' 1 
for each compound. The electrochemical degradation was carried out in an 
electrochemical cell equipped with stainless steel electrodes. Constant groundwater 
conditions of 10 mg L ' 1 chlorides and pH 6.98 were maintained. A current density of 5.21 
mA cm ' 2 also maintained throughout the process by intermittently adjusting the cell 
voltage. Figures 4.2 a and b graphically represent the residual TOC profile and percent 
TOC removal as a function of electrolysis time. In control experiments, the TOC 
concentration was almost constant during 7 hours o f electrolysis. A small decrease in the 
TOC was due to the volatilization of the compounds. In the electrolysis experiments, 
after a finite time, no detectable levels of TOC were measured. The degradation of DCA 
and TCA at the stainless steel electrode could be attributed to electrochemical formation 
of the hydroxyl radicals at the anode from water oxidation (Polcaro et al., 1999):
H20  OH°ads + H+ + e' (4.1)
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Figure 4.2: Residual TOC profile during electrolysis of DCA as a function of 
initial TOC concentration
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0H ° is a powerful oxidizing agent that reacts with organics, producing dehydrogenated 
or hydroxylated derivatives that continue to mineralize completely, resulting in CO2 and 
inorganic ions. Rajeshwar and Ibanez (1997) suggested a general reaction for 
halogenation of hydrocarbons at cathode as follows:
R-Cl + 2H+ + 2e" <-► R-H + HC1 (4.2)
The authors state that the dehalogenated hydrocarbon is then attacked by hydroxyl radical 
converting it into CO2 and water, or hydroxyl radicals can attack the CAH directly at the 
anode or in the bulk solution.
Due to the production of protons from water oxidation, a slight decrease in the pH 
of the electrolyte from 7.04 to 6.32 was observed during electrolysis. During electrolysis 
of DCA, 100% TOC was removed in 2.0, 3.66, 4.66 and 6 . 6 6  hours at initial TOC 
concentration of 25, 50, 75 and 100 mg L"1 respectively, while the times taken for 100% 
of TCA was reduced. After about 1.67, 3.0, 4.5 and 5.5 hours of electrolysis, TOC values 
below the detection limits were measured at 25, 50, 75 and 100 mg L"1 initial TOC 
concentration respectively. The energy consumption was hence greater during 
degradation of DCA than that of TCA. As a consequence the instantaneous current 
efficiency (ICE), which is dependent on the chemical nature of a substrate, was greater 
for the electrochemical degradation of TCA compared to DCA.
The energy consumption and ICE data obtained for all above experiments are 
summarized in Table 4.1. There are no reports on ICE values for chlorinated aliphatic 
hydrocarbons in literature. However ICE values obtained in this study are comparable to 
the reported ICE of phenol (0.28) observed using Ti/RuC>2 anode at 57 mA cm"2 of 
current density and pH 12.5 (Comninellis and Pulgarin, 1991). The higher 
electrochemical degradability of TCA compared to DCA could not been established; it 
may be possible that larger number of chlorine atoms in the TCA molecule influences the 
redox mechanism to a greater advantage in the electrochemical degradation process. A 
detailed study involving identification and quantification of all the intermediate by 
products of the electrochemical process in order to ascertain the effect of the number of 
chlorine atoms on the degradation process is recommended.
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Table 4.1: Energy consumption and ICE for electrochemical TOC removal at 

















kWh kgTOC ' 1
ICE
Electrolysis of 1,2-dichloroethane
1 . 25 5.21 8.36 2 . 0 668.80 0.042
2 . 50 5.21 8.42 3.66 616.34 0.046
3. 75 5.21 8.42 4.66 523.16 0.054
4. 1 0 0 5.21 8.42 6 . 6 6 560.77 0.050
Electrolysis of l,l?2-trichloroethane
5. 25 5.21 8.26 1.67 551.77 0.050
6 . 50 5.21 8.27 3.00 496.20 0.056
7. 75 5.21 8.27 4.50 496.20 0.056
8 . 1 0 0 5.21 8.28 5.50 455.40 0.061
4.3.2. Determination of order of the TOC removal reaction
In general when the reaction mechanism is unknown, it is often attempted to fit 
the data with an nth-order rate equation of the following form (Levenspiel, 1999):
’■ n x= Z^ f -  = kC’ A (4,3)
at
which on separation and integration yields
C r o c ' " - C T(X,!~n = { n ~ \ ) k t , n * \  (4.4)
Though the order o f a reaction cannot be found explicitly from the above equation, a 
trial-and-error solution is possible wherein a value for ‘n ’ is initially guessed to find ‘k’, 
and varied so as to yield that value of ‘k’ which is as close as possible to the 
experimentally determined value (Levenspiel, 1999).
Finally, the overall order of the TOC removal reaction was calculated by applying 
the half-life method described by Levenspiel (1999). Defining half-life of the reaction as 
the time needed for the initial concentration of TOC to drop to one-half the initial value, 
we obtain
y c ™-""  ( 4 - 5 )
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This expression shows that a plot of log Un vs. log C To c  provides a straight line of 
slope 1-n (Figures 4.3 a and b for DCA and TCA respectively). The plots obtained were 
in agreement for the reactions of n < 1 (Levenspiel, 1999). The order was (0.7216 = 1-n) 
0.28 and (0.6905 = 1-n) 0.31 for the electrolysis of DCA and TCA respectively. Since 
values obtained were very close to zero order, a zero-order kinetic equation was used to 
determine the TOC removal rates for all the experiments. As a rule, reactions are o f zero 
order only in certain concentration ranges-the higher concentrations. If the concentration 
is lowered enough, we usually find that the reaction becomes concentration-dependent, in 
which case the order rises from zero (Levenspiel, 1999).
4.3.3. Effect of initial substrate concentration on the TOC removal rate
From the Figures 4.2 a and b, the TOC removal process seems to follow zero- 
order kinetics. Also, the n values obtained by using the half-life method, were very to 
zero; hence a zero-order kinetic model was used to fit the experimental TOC data 
obtained from the experiments. For zero-order kinetics (i.e. n = 0) the equation (4.1) 
becomes
which shows that the rate of reaction is independent of the concentration of substrate. 
Integrating and noting that C tocn  we get directly
The TOC data fitted very well to zero-order rate equation (4.3) (Figures 4.4 and 
4.5), with R2 values ranging between 0.9803 to 0.9961 and 0.9893 to 0.9975 for DCA 
and TCA, respectively. The slopes o f best-fit lines obtained from the plots of TOC vs. 
time gave the values of rate constant ‘k’. Triplicate ‘k ’ values obtained were then 
averaged and the standard deviation for each set of measurements was calculated (Table 
4.2). The error of replication was less than 3% for all the measurements.
(4.6)
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Figure 4.3 : Overall order of reaction from a series of half-life experiments, 
each at a different initial TOC concentration conducted for 
electrolysis of DCA and TCA 
( Current density = 5.21 mA cm'2, chlorides = 10 mg L’1)
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Figure 4.4 : Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of DCA 
( Current density = 5.21 mA cm’2 , chlorides = 10 mg L 1)
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Figure 4.5 : Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of TCA 
( current density = 5.21 mA cm'2 , chlorides = 10 mg L'1)
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Table 4.2: Zero-order rate constants for electrochemical TOC removal
Initial TOC, 
mg L 1
k, mg L'1 min'1
k l R2 k2 R2 k3 R2 Average
(Std.Dev)
Electrolysis of 1,2-dichloroethane
25 0.2291 0.9792 0.2218 0.9803 0.2082 0.9847 0.2197 (±0.0106)
50 0.2499 0.9915 0.2472 0.9921 0.2505 0.9946 0.2492 (±0.0)
75 0.2663 0.9955 0.2653 0.9961 0.2651 0.9959 0.2655 (±0.0006)
1 0 0 0.2582 0.9889 0.2608 0.9906 0.2677 0.9930 0.2622 (±0.0049)
Electrolysis of 1,1,2-trichloroethane
25 0.1879 0.9893 0.1907 0.9853 0.1876 0.9859 0.1887 (±0.0017)
50 0.2152 0.9972 0.2116 0.9971 0.2098 0.9975 0.2122 (±0.0027)
75 0.2366 0.9971 0.2353 0.9974 0.2355 0.9972 0.2358 (±0.0007)
1 0 0 0.2906 0.9957 0.2908 0.9947 0.2902 0.9952 0.2905 (±0.0003)
The ‘k ’ values, obtained under different initial TOC experiments, plotted against 
initial TOC concentration are shown in Figures 4.6 a and b for DCA and TCA 
respectively. The initial substrate concentration has no effect on rate of TOC removal. 
The Tukey’s paired comparison procedure was used to compare the TOC removal rates. 
The mean k values obtained for the initial TOC concentration o f 25, 50, 75 and 100 mg 
L '1, were statistically the same for the electrolysis of both DCA and TCA.
4.3.4. Effect of chloride concentration
During electrolysis, chloride ions are converted into chlorine first and then to 
hypochlorite in a neutral or slightly alkaline medium. Chloride ions take part in indirect 
electrolysis, by the following mechanism (Szpyrockwicz, 2001):
At anode:
Cl Ckds + e' (4.8)
Cl + Clads CI2 + e‘ (4.9)
Hypochlorite ions are produced as the product o f the hydrolysis of chlorine 
molecules in the bulk o f the solution as show below:
Cl2 + H20  
HCIO
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HC10 + H+ + C f  (4.10)
H+ + CIO' (4.11)
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Figure 4.6: Effect of initial TOC concentration on TOC removal rates 
( Current density = 5.21 mA cm'2, chlorides = 10 mg L'1 )
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The CIO" then can oxidize the organic molecules via following reactions:
HCIO + H+ + 2e" C1' + H20  (4.12)
CIO" + H2O + 2e" <-> C1’ + 20H  (4.13)
CIO" is a powerful oxidizing agent but week chlorinating agent under neutral or 
slightly acidic pH conditions. Hence, it was chosen to perform the electrolysis at neutral 
pH. The chloride concentration ranged between 10 to 1000 mg L"1. The residual TOC 
profile o f DCA and TCA as a function of electrolysis time, under varying chloride 
concentrations, is depicted in Figures 4.7 a and b, respectively. The initial TOC 
concentration during electrolysis of DCA was reduced to levels below the instruments 
detection limit, within 4.66, 4.0 and 3.0 hours at 10, 250 and 500 mg L"1 chloride 
concentrations, respectively. At 500, 750 and 1000 mg L’1 chloride concentrations the 
time taken to bring the TOC level down to below detection limit was 3 hours each. 
During the electrolysis o f TCA, 100% TOC removal was achieved in 4.5, 4.0, 3.5, and
3.0 hours at 10, 250, 500 and 750 mg L"1 chlorides respectively, while the time required 
was 3 hours at 1000 mg L '1.
The zero-order rate constants were calculated from the kinetic plots shown in 
Figures 4.8 and 4.9 for electrolysis of DCA and TCA respectively, and summarized in 
Table 4.3. The TOC data fitted the model well with R2 values ranging between 0.9705 
and 0.9989. Reaction rates for TOC removal as function o f chloride concentration are 
shown in Figure 4.10. In DCA electrolysis experiments, the TOC removal rate increased 
from 0.2656 to 0.4246 mg L"1 min"1, almost a 160% increase, when chloride 
concentration increased from 10 mg L"1 to 500 mg L"1, respectively. A further increase in 
chloride concentration from 500 to 1000 mg L"1 did not affect the TOC removal rate 
significantly. The Tukey’s procedure revealed that mean ‘k’ values at 10, 250 and 500 
mg L"1 chloride concentrations were statistically different, while those of 500, 750 and 
1000 mg L"1 chlorides were statistically the same. However, a different trend was 
observed for the electrolysis of TCA, where ‘k’ values increased from 0.2350 to 0.3353 
mg L"1 min"1 (by about 50 %) when chlorides were increased from 10 mg L"1 to 250 mg 
L"1, and did not change till the chlorides were increased to 500 mg L"1. There was a slight 
increase in TOC removal rate from 0.3350 to 0.4020 mg L"1 min"1 when chloride 
concentration increased from 500 mg L"1 to 750 mg L"1, respectively.
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Figure 4.7: Residual TOC profiles during electrolysis of DCA and TCA at 
different chloride concentrations
(Initial TOC =75 mg L'1, current density = 5.21 mA cm'2)
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Figure 4.8: Zero-order kinetic plots for the calculation of TOC removal rate constan 
for electrolysis of DCA 
(Current density = 5.21 mA cm 2, initial TOC = 75 mg L'1)
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Figure 4.9: Zero-order kinetic plots for the calculation of TOC removal rate constan 
for electrolysis of TCA 
(Current density = 5.21 mA cm"2, initial TOC = 75 mg L"1)
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k, mg L'1 min’1
k l R2 k2 R2 k3 R2 Average
(Std.Dev)
Electrolysis of 1,2-dichloroethane
10 0.2663 0.9955 0.2653 0.9961 0.2651 0.9959 0.2655(0.0)
250 0.3164 0.9987 0.3086 0.9973 0.3075 0.997 0.3108(0.0048)
500 0.4243 0.9927 0.4269 0.9933 0.4246 0.9924 0.4252(0.0014)
750 0.4204 0.9902 0.4213 0.9889 0.4218 0.9886 0.4211(0.0007)
1000 0.4376 0.9684 0.4376 0.9676 0.4367 0.9705 0.4373 (0.0005)
Electrolysis of 1,1,2-tric lloroethane
10 0.2366 0.9971 0.2353 0.9974 0.2355 0.9972 0.2358(0.0007)
250 0.3353 0.9872 0.3344 0.9887 0.3324 0.9892 0.3340(0.0015)
500 0.3252 0.9799 0.3309 0.9793 0.3210 0.9798 0.3060(0.0034)
750 0.4022 0.9997 0.404 0.9966 0.4032 0.9897 0.4031(0.0009)
1000 0.4092 0.9994 0.4091 0.9993 0.4037 0.9989 0.4073(0.0003)
Further increase in chlorides did not affect the TOC removal rate significantly. The mean 
k values were statistically the same for the 250 and 500 mg L"' chlorides as well as the 
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Figure 4.10: Effect of chloride concentration on TOC removal rate during
electrolysis of DCA and TCA 
(Initial TOC = 100 mg L 1, current density = 5.21 mA cm 2)
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The mean ‘k ’ values were statistically different for the 10 and 250 mg L"1 and the 500 
and 750 mg L"1 chlorides. The improvement of TOC removal with chlorides is in 
corroboration with the results obtained by other researchers like Costaz (1983) and Lin et 
al. (1998), with the exception that in this study the dependency of substrate removal rate 
was proved to be not linear with chloride concentration.
Chloride ions take part in the electrochemical redox process and act as a 
supporting electrolyte by increasing the electrical conductivity of synthetic groundwater. 
In the experiment conducted, increased conductivity resulted in a significant drop in the 
cell voltage, which decreased the energy consumption details of which are given in Table
4.4.


















kWh kg 'TO C
ICE
Electrolysis of 1,2-dichloroethane
1. 10 5.21 8.42 4.66 523.16 0.054
2. 250 5.21 7.24 4.00 3.86.13 0.063
3. 500 5.21 6.46 3.00 258.40 0.084
4. 750 5.21 4.86 3.00 194.40 0.084
5 1000 5.21 4.02 3.00 160.80 0.084
Electrolysis of 1,1,2-trichloroethane
6. 10 5.21 8.27 4.50 496.20 0.056
7. 250 5.21 7.22 4.00 385.07 0.063
8. 500 5.21 6.50 3.5 303.33 0.072
9. 750 5.21 4.77 3.0 190.80 0.084
10. 1000 5.21 4.09 3.0 163.60 0.084
The energy consumption during the electrolysis o f DCA and TCA was reduced by almost 
69 and 67 %, respectively, upon the addition of 1000 mg L"1 chlorides. The ICE increased 
from 0.054 to 0.084 and from 0.056 to 0.084 for DCA and TCA degradation, 
respectively. Since ICE is dependent on the oxidation reaction o f the compounds, this 
increase in ICE indicates that chlorides acts as oxidizing agents and improve the TOC 
removal process. A similar trend is observed between the curves plotted for TOC removal 
rate vs. chlorides concentrations (Figure 4.10) and ICE vs. chloride concentrations 
(Figure 4.11), which supports the above statement.
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Figure 4.11: Effect of chloride concentration on ICE of the TOC removal 
process during electrolysis of DCA and TCA 
(Initial TOC = 100 mg L'1, current density = 5.21 mA cm 2)
The increase the TOC removal rate was attributed to the presence o f chloride ions based 
on literature that predicts formation of the hypochlorite ion. A simultaneous increase in 
conductivity seemed to help in reducing energy consumption only. However, it was 
necessary to confirm the role o f chlorides and electrical conductivity of electrolyte 
individually, therefore experiments were conducted to examine the effect o f conductivity 
of the solution on the TOC removal rate.
4.3.5. Effect of conductivity of electrolyte
Appropriate amounts of sodium sulphate were added in the synthetic groundwater 
to obtain approximate conductivities of 600, 1100 and 1600 pS cm’1. These values were 
chosen because in previous experiments (Section 4.1.2), conductivities of 584, 1356 and 
1586 pS/cm were obtained when 250, 750 and 1000 mg L’1 chlorides respectively were 
added. The residual TOC profiles obtained under different electrolytic conductivities 
during the electrolysis of DCA and TCA are shown in Figures 4.12 a and b, respectively. 
After 5 hours of electrolysis of DCA the TOC was removed to below detection limits, for 
all conductivities. For TCA, the TOC was similarly removed at 5 to 6 hours for all the 
conductivities.
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b) Electrolysis of TCA
Figure 4.12 : Residual TOC profile during electrolysis of DCA and 
TCA as a function of electrolytic conductivity 
(Current density = 5.21 mA cm'2, chlorides = 10 mg L'1)
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Figures 4.13 and 14 represent the zero-order kinetic plots to calculate the TOC removal
rates. The TOC data fitted the model quite well with R2 value in the range of 0.9903 to
0.998. Table 4.5 summarizes data the TOC removal rate data (in triplicate). The error of
replication in all measurements was less than 5 %. in all the measurements.




k, mg L'1 min'1
k l R2 k2 R2 k3 R2 Average
(Std.Dev)
Electrolysis of 1,2-dichloroethane
600 0.2587 0.998 0.2587 0.9976 0.2578 0.9978 0.2584 (0.0005)
1100 0.2576 0.998 0.2574 0.998 0.258 0.9983 0.2576 (0.0003)
1600 0.2655 0.9898 0.2642 0.9903 0.2628 0.9904 0.2641 (0.0)
Electrolysis of 1,1,2-tric iloroethane
600 0.2212 0.9918 0.2212 0.9965 0.2206 0.9934 0.2210(0.0034)
1100 0.2039 0.9954 0.2032 0.9952 0.2039 0.9956 0.2036 (0.0004)
1600 0.2007 0.9961 0.2006 0.997 0.2015 0.9956 0.2009 (0.0)
Figure 4.15 depicts the effect of conductivity on TOC removal rates for both DCA and 
TCA electrolysis. The conductivity did not influence the TOC removal rates during 
electrolysis o f DCA. During the electrolysis of TCA, the TOC removal rate decreased by 
14% (±1.5) when conductivity was increased from 340 to 1600 pS cm '1. The Tukey’s 
paired comparison method results revealed that the mean k values obtained at different 
conductivities for DCA were statistically the same while those obtained for TCA were 
not. The energy consumption and ICE data calculated for these experiments are 
summarized in Table 4.6. The energy consumption decreased with increase in 
conductivity as expected. The energy consumption was higher with sulphates than 
chlorides at the same conductivity. ICE found to be unaffected by increase in 
conductivity (in presence of sulphates) for both DCA and TCA electrolysis, while in 
presence of chlorides the increase in conductivity found to increase ICE. The results 
obtained are in agreement with other reported findings (Xiong et el., 2001).
These results support the hypothesis of mediation o f chlorides in electrochemical 
degradation of DCA and TCA, and are graphically depicted in Figure 4.16 in which the 
TOC removal rates obtained at different conductivities by using chlorides and sulphates 
are compared.
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Figure 4.13 : Zero-order kinetic plots for the calculation of TOC removal rate
constants during electrolysis of DCA
2 1 (Current density = 5.21 mA cm , chlorides = 10 mg L )
46


























♦  Reactor 1
o Reactor 2
* Reactor 3 
A  Control
500 100 150 200 250 300
Time, mins










■ Reactor 1 
□ Reactor 2 
A Reactor 3 
A  Control
50 1000 150 200 250 300
Time,min










■ Reactor 1 
□ Reactor 2 
A Reactor 3 
▲ Control
50 1000 150 200 250 3 0 0
Time,min
c) Conductivity = 1600 pS cm'1
Figure 4.14 : Zero-order kinetic plots for the calculation of TOC removal 
rate constants during electrolysis of TCA 
(Current density = 5.21 mA cm'2, chlorides = 10 mg L'1)
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Figure 4.15: Effect of conductivity on zero-order TOC removal rates
(using sulphates)




















1. 600 5.21 7.22 3.0 288.80 0.084
2. 1100 5.21 4.92 3.0 196.80 0.084
3. 1600 5.21 4.08 3.0 163.20 0.084
Electrolysis of 1,1,2-trichloroethane
6. 600 5.21 7.3 4.50 438.00 0.056
7. 1100 5.21 4.88 4.50 292.80 0.056
8. 1600 5.21 4.12 4.50 247.20 0.056
At the same electrolytic conductivity, the TOC removal rate was greater in the 
presence of chlorides, than that in the presence of sulphates. For example, at 600 pS cm"1, 
in the presence of chlorides the TOC removal rate was 0.3108 mg L"1 min"1 and in the 
presence of sulphates, the rate was 0.2584 mg L"1 min"1. It was therefore concluded that 
the chloride ion mediates the electrochemical oxidation process and enhances the TOC 
removal rate.
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Figure 4.16: Comparison of effects of chlorides and sulphates on TOC 
removal rates under different conductivities
4.3.6. Effect of applied current density
Applied current density plays an important role in electrolysis kinetics as well as 
the economics o f the process. Its effect on electrochemical process has been studied by 
several researchers (Biwyk, 1980, Matis, 1980, Cenkin and Belevstev, 1985, Lin and 
Peng, 1994). In the present study, the effect of current density was examined by varying 
current density in the range of 1.04 to 5.21 mA cm’ , which corresponds to 0.2 to 1.0 A 
current inputs, respectively. The electrode surface area was kept constant in all the 
experiments. The current input could not be increased above 1.0 A due to limited 
conductivity of simulated groundwater and also instability of stainless steel electrode at 
higher current inputs. Initial TOC concentration of 75 mg L"1, pH value of 6.8 and 10 mg 
L’1 chloride concentration was maintained constant in all experiments. Figures 4.17 a 
and b show the residual TOC concentration profiles as a function o f time under varying 
applied current density. The zero-order kinetic parameter k for each experiment was 
calculated from the slopes of best-fit lines plotted as shown in Figures 4.18 and 4.19 and 
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Figure 4.17: Residual TOC profile during electrolysis of DCA and TCA 
under different current inputs 
(Initial TOC = 75 mg L 1, chlorides = 10 mg L’1)
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Figure 4.18 : Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of DCA under different current inputs
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Figure 4.19 : Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of TCA under different current inputs
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k, mg L- min'1
k l R2 k2 R2 k3 R2 Average
(Std.Dev)
Electrolysis of 1,2-dichloroethane
1.04 0.1093 0.9985 0.1117 0.9989 0.1095 0.9973 0.1102(0.0013)
2.08 0.1347 0.9993 0.1342 0.9973 0.1276 0.9976 0.1322(0.0039)
3.13 0.1587 0.9989 0.162 0.9974 0.161 0.9973 0.2656(0.0006)
4.17 0.2136 0.9897 0.2123 0.9966 0.216 0.9972 0.2623(0.0049)
5.21 0.2663 0.9994 0.2653 0.9954 0.2651 0.9998 0.2655(0.0)
Electro!ysis of 1,1,2-trichloroethane
1.04 0.1167 0.9949 0.1152 0.9934 0.1151 0.9897 0.1156(0.0067)
2.08 0.1133 0.9987 0.1146 0.9862 0.1142 0.9914 0.1140(0.0007)
3.13 0.1505 0.9946 0.1504 0.9973 0.1511 0.9756 0.1506(0.0004)
4.17 0.208 0.9956 0.2072 0.9935 0.2036 0.9838 0.2062(0.0023)
5.21 0.2366 0.9987 0.2353 0.9985 0.2355 0.9905 0.2358(0.0007)

















kWh k g 1 TOC
ICE
Electrolysis of 1,2-dichloroethane
1. 1.04 75 9.25 11.0* 271.33 0.1142
2. 2.08 75 8.88 10.20* 483.07 0.062
3. 3.13 75 8.44 8.40* 567.17 0.050
4. 4.17 75 7.68 6.0 491.52 0.052
5 5.21 75 8.42 4.66 523.16 0.054
Electrolysis of 1,1,2-trichloroethane
6. 1.04 75 8.4 9.42* 185.89 0.1334
7. 2.08 75 7.51 8.36* 335.74 0.075
8. 3.13 75 7.53 6.44 386.74 0.065
9. 4.17 75 7.4 5.30 474.88 0.060
10. 5.21 75 8.27 4.50 496.20 0.0558
*Extrapoiated values
The Tukey’s procedure showed a significant difference among the k values obtained 
under different current inputs for both DCA and TCA electrolysis, with exception o f the 
‘k ’ values obtained for 1.04 and 2.08 mA cm'2 for TCA electrolysis. Figure 4.20 shows 
the effect of applied current density on the TOC removal rates.
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Figure 4.20: Effect of applied current density on zero-order TOC
removal rates 
(Initial TOC = 75 mg L"1, chlorides = 10 mg L'1)
A linear relationship between applied current density and the TOC removal rates was 
observed under the given experimental conditions. The R2 values ranged between 0.9645 
and 0.9945 for the model-experiment best-fit lines.
Though a decrease in applied current density decreased the TOC removal rate, the 
overall instantaneous current efficiency of the TOC removal process increased with 
decrease in current density. This suggested that at lower current inputs, the TOC removal 
process was more controlled and the energy supplied was used only for the useful work 
(that is degradation o f the pollutants). Under higher current inputs the side reactions of 
oxygen and hydrogen evolution are more dominant. The energy consumption for DCA 
and TCA decreased by about 48 and 62 % respectively when current density was 
increased from 1.04 to 5.21 mA cm"2.
4.4. Effect of the reaction temperature
The adsorption of substrate compounds onto the electrode surface is an important 
factor in evaluating the efficiency of the electrochemical reaction. The reaction
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temperature affects the amount of pollutants adsorbing on an electrode surface. The effect 
of the reaction temperature on the TOC removal rates was examined by conducting 
degradation of DCA and TCA at reaction temperatures of 10, 20, 30 and 40°C. The initial 
TOC concentration of 75 mg L '1, chloride concentration of 10 mg L '1 and current density 
of 5.21 mA cm' were maintained constant in all experiments. TOC removal rate 
constants at different reaction temperatures were calculated from the zero-order kinetic 
plots (Figures 4. 21 and 4.22), and are summarized in Table 4.9. The R2 values ranged 
between 0.9741 and 0.998 and the errors of replication were below 7% in all 
measurements. Figure 4.23 shows TOC removal rates as a function of the reaction 
temperature. The TOC removal rate increased with increase in reaction temperature. This 
suggests that electrochemical degradation reaction of CAH is temperature dependnent. 
The influence of temperature on the rates of TOC removal was modeled according to the 
Arrhenius equation (4.14), as shown in Figure 4.24.
k(T) = A e ('E/RT) (4.14)
where k is the rate constant; T is temperature in K; A is the frequency factor; E is the 
activation energy and R is the gas law constant. The TOC removal rate constants 
followed Arrhenius dependency. The R2 values were 0.976 and 0.965 for the electrolysis 
of DCA and TCA respectively. The activation energies calculated were 6.60 and 6.73 
kcal/mol for the DCA and TCA degradation respectively.
4.5. Overall kinetic expression
In section 4.2, based on the TOC data, the removal process followed a kinetics 
close to zero-order reaction kinetics and the order was 0.296 and 0.371 for DCA and 
TCA degradation, respectively. In general, zero-order reactions are those whose rates are 
determined by some factors other than the concentration of the reacting materials for 
example in this case, applied current density, chloride concentrations and conductivity of 
electrolyte. It is therefore important to define the expression that relates the overall 
reaction rates to the influencing parameters with their respective reaction orders.
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Figure 4.21: Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of DCA under different reaction 
temperatures
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Figure 4.22: Zero-order kinetic plots for the calculation of TOC removal rate 
constants during electrolysis of TCA under different reaction 
temperatures
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Figure 4.23 : Effect of reaction temperature on zero-order TOC removal 
rates during electrolysis of DCA and TCA 
(Initial TOC = 75 mg L’1, chlorides = 10 mg L'1, current density = 5.21 mA cm'2)





k, mg L'1 m in 1
k l R2 k2 R2 k3 R2 Average
(Std.Dev)
Electrolysis of 1,2-dichloroethane
10 0.1428 0.9951 0.1437 0.9984 0.1431 0.998 0.1432(0.0004)
20 0.2239 0.9738 0.2266 0.9734 0.2269 0.9741 0.2258(0.0016)
30 0.6599 0.9959 0.3732 0.9949 0.3703 0.994 0.3678(0.0069)
40 0.4193 0.9955 0.4207 0.996 0.4251 0.9976 0.4217(0.0030)
Electrolysis of 1,1,2-trichloroethane
10 0.1236 0.9981 0.1247 0.9997 0.1235 0.9995 0.1239(0.0007)
250 0.223 0.9918 0.221 0.9934 0.2207 0.9926 0.2215(0.0013)
500 0.2937 0.9857 0.3041 0.9865 0.3012 0.9752 0.2996(0.0054)
750 0.3918 0.9658 0.3995 0.9724 0.4046 0.9845 0.3986(0.0064)
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Figure 4.24 : The Arrheniuos plots for the calculation of activation 
energy of the electrochemical TOC removal process 
during electrolysis of DCA and TCA
As described in Section 4.2, the half-life method was used to determine the order of the 
TOC removal process with respect to chloride concentration, conductivity and the applied 
current density. The plot of log t\a vs. log TOCjn gives straight lines of slope (1-n) as per 
equation (4.5). The values of n obtained for different variable parameters for DCA and 
TCA electrolysis are summarized in Table 4.10.
Based on the above findings, general expressions were derived to relate the 
overall TOC removal rate with the affecting parameters and their respective orders:
For the electrolysis of DCA 
K = k (TOCO 0 28,Cl0 854Cond°164 I0783) for Chlorides <500 mg L '1 (4.15)
K = k (TOCO 0 28,Cl0 214Cond°1641° 783) for Chlorides >500 mg L '1 (4.16)
For the electrolysis of TCA 
K = k (TOC0 °-301,Cl0 642Cond011310 648) (4.17)
Where K is overall zero order TOC removal rate (-d(TOC)/dt)
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Table 4.10: Summary of results obtained from half-life method for the 
determination of kinetic expression
Parameter Control parameters Range Order (n) R2
1,2-dichloroe thane
Substrate Current, pH, conductivity and 
chlorides
25 -100  mg L '1 0.28 0.9976
Chlorides Current, pH, conductivity 10-500 mg L '1 0.854 0.9687
Current, pH, conductivity 500-1000 mg L '1 0.214 0.9845
Conductivity Current, pH, conductivity and 
chlorides
340-1600 pS cm '1 0.164 0.9458
Current
density
pH, conductivity and 
chlorides
1.04-5.28 mA cm'2 0.783 0.9587
1,1,2-trichloroethane
Substrate Current, pH, conductivity and 
chlorides
25-100  mg L '1 0.301 0.9750
Chlorides Current, pH, conductivity 10.1000 mg L '1 0.642 0.9640
Conductivity Current, pH, conductivity and 
chlorides
340-1600 pS cm '1 0.113 0.9880
Current
density
pH, conductivity and 
chlorides
1.04-5.28 mA cm'2 0.648 0.9789
4.6 Mass balance study
For all the experimental conditions examined, the focus was on investigating the 
removal of the total organic carbon in the aqueous solution at different time intervals. An 
underlying assumption during these experiments was that both DCA and TCA were 
converted into CO2 and water by electro-oxidation on stainless steel electrodes. Analysis 
of both DCA and TCA was performed using a method for the total organic carbon. The 
method quantifies the amount of organic compound and does not distinguish between 
various aqueous reaction byproducts. Both DCA and TCA are volatile compounds with a 
fraction present in the reactor during the course of the reaction. Hence, a total carbon 
mass balance study was conducted to assess the amount of DCA and TCA present in the 
aqueous phase.
The total organic carbons in aqueous solution (TCaq) as well as carbon dioxide in the 
headspace of the reactor were analyzed. The mass of total carbon in different 
compartments o f the system at different time intervals is summarized in Table 4.11. The
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Cgasco2 was measured in all triplicate experiments and the percent error of replication was 
between 4.5 and 8 %. For the electrolysis of DCA, the deficit in total carbon was 
approximately 7 % at the end of the experiment, while the deficit was around 1 % for the 
electrolysis of TCA.
The deficit observed in total carbon mass in the system could be due to the errors 
involved in gas sampling for CO2 analyses. The closing of mass balance indicated that 
during electrolysis, DCA and TCA were oxidized completely to carbon dioxide and 
water.
Table 4.11: Concentrations of different forms of carbon in the system during 
electrolysis of DCA and TCA
a) DCA
Time, mins. TCaqueous? mg CgasC02? mg TC Systenning Deficit, %
0 90.08 (±4.06) 0 (±0.00) 90.08 0.00
60 79.71 (±1.66) 2.46 (±1.68) 82.17 8.78
120 74.12 (±2.95) 18.05 (±1.386) 92.17 -2.32
180 66.20 (±5.46) 34.37 (±4.35) 100.57 -11.65
360 46.95 (±0.53) 36.38 (±1.90) 83.33 7.49
b) TCA
Time, mins. TCaqueous> mg CgasC02? mg TCsyStem?mg Deficit, %
0 94.73 (±1.03) 0 (±0.00) 94.73 0.00
60 82.02 (±1.23) 5.85 (±0.34) 87.87 7.24
120 69.9 (±0.80) 18.74 (±0.18) 88.64 6.43
180 65.01 (±2.27) 34.39 (±0.47) 99.4 -4.93
360 52.32 (±0.17) 41.59 (±1.27) 93.91 0.87
The total carbon mass balances for DCA and TCA electrolysis are shown in Figures 
4.25 a and b, respectively.
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Figure 4.25: Total carbon mass balance during the electrolysis of DCA 
and TCA
1 1  2 (Initial TOC = 75 mg L , chlorides =10 mg L , current density=5.21 mA cm )
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This work has important engineering significance for groundwater, drinking water 
and industrial wastewater treatment practices. Through elaborate experimentation, the 
feasibility o f electrochemical degradation of chlorinated aliphatic hydrocarbons in 
continuously mixed closed batch reactor (CMCBR) system has been demonstrated. 
Mineralization (conversion to CO2 and water) of 1,2-dichloroethane and 1,1,2- 
trichloroethane was made possible in groundwater conditions with the stainless steel 
plate- type electrode, and the process was independent of initial substrate concentration.
The electrochemical degradation process is complex to model and is affected by 
many factors such as chloride concentration, applied current density and conductivity. In 
the case of chloride concentration, as proved in this study, the increase in chloride 
concentration resulted in an increase in the TOC removal rate and a decrease in the 
energy consumption. An increase in the applied current density also increased the TOC 
removal rate but decreased the energy consumption. Also, under higher current inputs 
(greater than 1A), the stainless steel electrode was unstable. The stainless steel electrodes 
could be used effectively under lower current inputs. Since stainless steel is cheaper and 
easily available as compared to other electro-catalytic electrodes, the developed process 
could be cost effective in terms of initial capital cost.
This study successfully predicted the degradation efficiency o f an electrochemical 
system in a laboratory-scale CMCBR system, suggesting that such approaches could 
allow small quantity of groundwater to be treated in batches after pumping out from the 
ground. The process also showed promise in the treatment of small quantities of 
wastewaters from the industries where batch processing is followed. The kinetic 
parameters determined in this study could be useful for designing a pilot scale reactor.
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It has been demonstrated that 1,2-dichloroethane and 1,1,2-trichloroethane can be 
efficiently removed from simulated groundwater by an electrochemical method using 
stainless steel electrodes. The graphite electrode was found to be ineffective in removing 
these compounds from the solution. Following are the important conclusions drawn from 
the present study:
■ The TOC removal process was found to follow zero-order kinetics for electrolysis 
of both model organic compounds. The order of the reaction was 0.28 and 0.31 
for DCA and TCA electrolysis, respectively.
■ In general TCA removal rates were higher during electrolysis of TCA than during 
electrolysis of DCA.
■ The presence of chloride ion enhanced the TOC removal rates significantly. Also, 
a simultaneous decrease in energy consumption was observed with an increase in 
chloride concentration.
■ An increase in conductivity of the electrolytic solution (simulated groundwater), 
by addition of sodium sulphate, decreased the energy consumption, but did not 
affect the instantaneous current efficiency of the process.
■ An increase in applied current density increased the TOC removal rates 
significantly, however, the instantaneous current efficiency decreased resulting in 
an increase in the energy consumption. The relation between an increase in TOC 
removal rate and applied current density was found to be linear in the range of 
1.08 to 5.21mA cm'2.
■ The reaction temperature increased the TOC removal rates significantly and the 
temperature effect obeyed the Arrhenius relationship. The activation energy for 
TOC removal were calculated as 6.60 and 6.73 cal mol"1 for DCA and TCA, 
respectively
■ A mass balance study showed a deficit of about 7 % and 1 % in the total mass of 
carbon in the system for DCA and TCA, respectively.
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6.2. Recommendations
In this study, the removal process o f 1,2-dichloroethane and 1,1,2- 
trichloroethane was monitored by measuring any change in the TOC concentration 
during the duration of experiments. For the two CAHs examined, the results showed 
that the initial TOC concentration did not affect the TOC removal rate. This effect 
can not be assumed to be the same for all kinds of CAHs and in all concentration 
ranges. The same CAHs in a different concentration range, and other CAHs, can be 
selected as target pollutants for the future studies.
The presence of chloride ions in groundwater and surface waters is a very 
important factor. From previous studies, the chloride concentration had a significant 
effect on the TOC removal rate. This study also demonstrated a similar effect, but this 
effect should be examined further under different pH conditions. Also, a thorough 
investigation on qualification and quantification o f intermediates and byproducts of 
the reaction is highly recommended. This would certainly give a critical chloride 
concentration and favorable pH conditions for efficient degradation process.
All the experiments in this study used synthetic groundwater containing different 
anions and cations. The importance was given to only chloride, however the effect of 
other anions such as carbonate, bicarbonate, and nitrate cannot be neglected. As 
mentioned before, the electrochemical processes are mass transfer limited and 
therefore, the mixing level in the reactor is an important parameter. This was not 
examined in the present study. A detailed investigation on the effect of mixing level 
in the reactor on process efficiency is recommended.
The planar two dimension electrodes that were used in the present study have 
limited surface area. Therefore any change in the reactor and electrode configuration 
that could give higher surface area would benefit to the overall economics of the 
process. Studies using a pilot scale continuous electrochemical reactor is 
recommended for the next phase of this work.
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APPENDIX A: Electrochemical reactor and experimental configuration
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APPENDIX B: Stainless electrodes
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APPENDIX E: Alkalinity, pH and cloudiness monitoring during mass balance study
Expt. No. pH , Alkalinity, mg L'1 Cloudiness
Initial Final Initial Final Initial Final
1,2 Dichloroethane
1 6.93 5.42 214.5 NM* Clear Slight
yellowish
2 7.03 5.64 216.2 NM Clear Slight
yellowish
3 6.93 5.33 214.5 NM Clear Slight
yellowish
1,1,2 trichloroethane
1 7.08 6.02 216.2 NM Clear Slight
yellowish
2 7.06 5.83 215.3 NM Clear Slight
yellowish
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